















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































I	 1	 +++	 ++	 -	
2	 +++	 ++	 -	
3	 -	 -	 -	
8	 -	 ++	 ++	
II	 1	 ++	 +	 -	
2	 +++	 -	 -	
3	 +++	 +	 -	
4	 +++	 ++	 -	
5	 +++	 -	 -	
9	 -	 +	 ++	



























































































































































































































































































































































































































































































































































































D	 GII.4	 2017	 1	 24.45	
2	 24.76	
E	 GII.16P/GII.4	 0	 20.03	
1	 18.94	
1	 19.82	


































































































































































A	 1	 0.05	 18.76	 1.1	×	1010	 10.1	
2	 0.09	 20.19	 0.26	×	1010	 9.4	
3	 0.10	 19.44	 0.37	×	1010	 9.6	
4	 0.11	 19.36	 0.36	×	1010	 9.6	
B	 1	 0.02	 19.64	 1.6	×	1010	 10.2	
2	 0.10	 19.36	 0.36	×	1010	 9.6	
3	 0.09	 18.23	 0.89	×	1010	 9.9	








Sample	 Weight	(g)	 GADPH	Ct	value	 HuNoV	Ct	value	
A	 0.05	 Negative	 18.78	
0.04	 36.29	 19.12	
B	 0.13	 38.35	 25.94	
0.11	 35.99	 26.1	


































One-step	 100	 19.25	 		
		 	10-1	 21.33	 		
		 	10-2	 24.24	 		
		 	10-3	 28.39	 		
		 	10-4	 37.90	 		
Two-step	 100	 17.20	 21.57	
		 	10-1	 20.52	 24.58	
		 	10-2	 22.75	 28.16	
		 	10-3	 27.58	 31.72	
		 	10-4	 29.82	 34.56	







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































15-13	 13-IP-01	 15.85	 2.7´109	
15-IP-01	



































































































































































































































































PGM-MBs	 26.4	 26.4	 25.8	
Wash	stage	I	 28.9±0.38	 37.4	 37.9±2.16	
Wash	stage	II	 27.9±0.27	 37.2	 Negative	





























100	 1×101	 27.85	 26.97	 -0.88	
1×10-2	 30.9	 28.26	 -2.64	
1×10-4	 34.69	 31.39	 -3.25	
200	 1×101	 26.8	 25.32	 -1.48	
1×10-2	 29.03	 29.59	 0.56	





























11-IP-01	 19.92	 22.88	 ND	
12-IP-01	 20.53	 28.63	 29.15	
13-IP-01	 24.94	 25.42	 31.07	










1	 2	 3	 10	



















































15-13	(NE)	 27	 16.57	 1.07	 25.7	 99.98	 3599.58	 1461.43	
15-13	(PA)	 12	 14.56	 5.46	 46.38	 100	 4009.15	 1653.85	
15-13	(P1)	 27	 17.4	 1.62	 14.02	 100	 2302.74	 1091.33	

































































B	 2458-2727	 48.8	 Above	 NE,	PA,	P1,	
P10	
C	 2766-2893	 52.1	 Above	 NE,	PA,	P1	
D	 3110-3216	 48.9	 Above	 NE,	PA,	P1	







































































































































































































































































































































































































































































































































































































































































































D	 None	 GII.4	 2017	 1	 4.36´105	
2	 3.59´105	
E	 None	 GII.16P/GII.4	 2017	 0	 7.11´106	
1	 1.41´107	
1	 9.15´106	
























































ORF1/2-F1	 CTG	AG	CAC	GTG	GGA	GGG	CG	 74	 59.7	 ~2500	 (Allen	et	
al.	2008)	

























































































































Day	 Replicate	 Coverage	 Percentage	of	
genome	recovered	
(%)	Median	 IQR	
3	 1	 129	 269	 99.6	
2**	 3634	 2553	 100.0	
3	 2	 2	 27.9	
7	 1*	 0	 NA	 0.0	
2	 5	 6	 83.7	
15	 1	 2	 2	 22.3	
2	 2	 1	 26.4	













3	 1	 14	 13	 97.7	
2	 54	 43	 99.8	
3	 86	 86	 99.8	
9	 1	 45	 35	 99.9	
2	 56	 47	 99.9	
3	 53	 49	 100.0	
12	 1	 189	 136	 99.8	
2	 1	 0	 0.3	
3	 13	 12	 98.9	
15	 1	 40	 28	 99.8	
2	 161	 131	 99.8	




Day	 Replicate	 Coverage	 Percentage	of	
genome	recovered	
(%)	Median	 IQR	
3	 1	 136	 88	 99.8	
2	 5	 4	 80.8	
5	 1	 323	 201	 100	
2	 513	 294	 99.9	
3	 8	 9	 94.7	
6	 1	 139	 91	 99.9	
2	 28	 17	 99.2	
3	 892	 551	 99.9	
10	 1	 5	 7	 77.8	
2	 10	 11	 96.8	
11	 1	 1	 1	 13.0	
2	 3	 4	 73.8	














D	 0	 36	 38	 99.64	
1	 53	 51	 99.3	
E	 0	 78	 63	 99.9	
1	 117	 122	 100.0	
1	 43	 310	 99.8	
F	 0	 201	 166	 100.0	
1	 16	 17	 99.1	
2	 7	 7	 86.8	








































A	 C	 G	 T	
3	 1	 	 25	 	 75	
2	 45	 55	
3	 43.1	 56.9	
9	 1	 60.6	 39.4	
2	 43.5	 56.5	
3	 61.3	 38.7	
12	 1	 64.1	 35.9	
2	 33.3	 66.7	












A	 C	 G	 T	 A	 C	 G	 T	
3	 1	 	 	 	 100	 	 	 100	 	
2	 100	 100	
5	 1	 100	 100	
2	 0.2	 0.2	 99.6	 99.8	
3	 	 	 100	 100	
6	 1	 100	 100	
2	 0.2	 99.8	 0.1	 0.1	 99.8	
3	 9.8	 90.2	 3.6	 	 96.4	
10	 1	 70	 30	 21.1	 78.9	
2	 0	 100	 0	 100	
















































































B	 1	 0.029±0.0076	 0.0087±0.0019	 0.040±0.017	
2	 0.0040±0.00070	 0.0073±0.0017	 0.022±0.013	
3	 0.0037±0.0011	 0.0043±0.001	 0.056±0.002	
C	 1	 0.076±0.025	 0.080±0.025	 0.070±0.023	
2	 0.056±0.019	 0.037±0.011	 0.045±0.015	


























































































































































p48	 0	 0	 0	
NTPase	 0	 1	 0	
p22	 0	 33	 0	
Vpg	 0	 11	 1	
3CLpro	 0	 26	 0	
RdRp	 1	 11	 1	
VP1	 S	 11	 0	 1	
P1	 0	 0	 0	
P2	 8	 10	 0	


































































































































































































































































































































































































































































































































































































Outbreak	 Environment	 Sample	 Genotype	 GII	HuNoV	Ct	value	








Outbreak	 Environment	 Sample	 Genotype	 GII	HuNoV	Ct	value	







Outbreak	 Environment	 Sample	 Genotype	 GII	HuNoV	Ct	value	
















Outbreak	 Environment	 Sample	 Genotype	 GII	HuNoV	
titre/qPCR	reaction	





Outbreak	 Environment	 Sample	 Genotype	 GII	HuNoV	
titre/qPCR	reaction	














































A	 1	 520	 617	 99.67	
2	 8	 11	 95.33	
3	 331	 479	 99.57	
4	 218	 252	 99.83	
5	 172	 219	 99.73	








B	 1	 74	 69	 99.44	
2	 1600	 760	 99.88	
3	 203	 146	 99.74	








C	 1	 12	 13	 95.75	
2	 103	 79	 99.54	
3	 7	 7	 94.12	











1	 4	 5	 85.06	
2	 16	 14	 98.19	
3	 179	 191	 99.91	








E	 1	 3	 3	 83.85	
2	 2	 2	 54.25	








F	 1	 3008	 1693	 99.99	
2	 13	 16	 95.70	
3	 3251	 1908	 100.0	





































A	 1	 100	 100	 99.34	
2	 99.69	 99.46	 95.75	
3	 100	 100	 99.16	
4	 100	 100	 99.07	
5	 100	 100	 99.02	










B	 1	 99.75	 100	 99.54	
2	 100	 100	 99.90	
3	 100	 100	 99.81	










C	 1	 	 99.08	 96.04	
2	 	 99.42	 99.42	
3	 100	 97.93	 93.97	










D	 1	 99.88	 99.79	 88.01	
2	 99.58	 98.09	 96.57	
3	 98.92	 99.79	 99.70	











E	 1	 100	 99.90	 99.64	
2	 99.89	 95.95	 65.14	










F	 1	 	 100	 99.94	
2	 	 99.68	 96.01	
3	 	 100	 99.79	



































































































































A	 B	 C	 D	 E	 F	
1	 10	 0	 7	 8	 0	 2	
2	 6	 0	 2	 7	 0	 2	
3	 0	 1	 0	 0	 0	 0	
Total	 16	 1	 9	 15	 0	 4	
	
Most	of	the	minority	variants,	across	all	outbreaks,	did	not	correspond	to	an	
identical	change	in	the	consensus	sequence	of	a	separate	individual	(42/45)	(Figures	
5.8	–	5.11).	However,	there	were	three	exceptions,	in	outbreak	A,	position	2011	
and	5137	(Figure	5.8),	and	in	outbreak	F,	position	4072	(Figure	5.11).	If	outbreak	A	
was	compared	to	the	other	outbreaks	there	were	2	positions	(position	4941	and	
5137)	that	demonstrated	a	similar	heterogeneous	population	of	minority	variants	
across	different	individuals	(Figure	5.8).		
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Figure	5.8	The	frequency	of	minority	variants	identified	in	stool	samples	from	
outbreak	A	compared	to	each	consensus	sequence	(Blue	=	Adenine,	Red	=	
Cytosine,	Green	=	Guanine,	Yellow	=	Thymine).	
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Figure	5.9	The	frequency	of	minority	variants	identified	in	stool	samples	from	
outbreak	C	compared	to	each	consensus	sequence	(Blue	=	Adenine,	Red	=	
Cytosine,	Green	=	Guanine,	Yellow	=	Thymine).	
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Figure	5.10	The	frequency	of	minority	variants	identified	in	stool	samples	from	
outbreak	D	compared	to	each	consensus	sequence	(Blue	=	Adenine,	Red	=	
Cytosine,	Green	=	Guanine,	Yellow	=	Thymine).	
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Figure	5.11	The	frequency	of	minority	variants	identified	in	stool	samples	from	
outbreak	F	compared	to	each	consensus	sequence	(Blue	=	Adenine,	Red	=	
Cytosine,	Green	=	Guanine,	Yellow	=	Thymine).	
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5.4 Discussion	
	
5.4.1 Clinical	samples	with	higher	HuNoV	viral	loads	tend	to	generate	a	higher	
mean	coverage		
This	investigation	has	demonstrated	that	stool	samples	with	lower	HuNoV	Ct	values	
(higher	viral	loads)	tend	to	generate	a	higher	mean	coverage	of	the	virus	genome,	
and	has	implications	for	data	analysis	and	the	ability	to	discriminate	minority	
variants	from	error.	Although	this	observation	was	not	significant,	it	agrees	with	the	
findings	of	other	research	groups	that	have	applied	MPS	to	HuNoV	clinical	samples	
(Fonager	et	al.	2017;	Nasheri	et	al.	2017),	and	it	remains	a	major	limitation.	Fonager	
and	colleagues	demonstrated	a	strong	negative	correlation	between	the	HuNoV	Ct	
value	after	poly-(A)	capture	and	the	number	of	HuNoV	reads	present	prior	to	
sequencing	(Fonager	et	al.	2017).	Similarly,	a	strong	positive	correlation	was	shown	
to	exist	between	the	virus	titre	and	number	of	reads	mapped	to	the	HuNoV	genome	
without	a	capture	method	(Nasheri	et	al.	2017).	There	are	three	potential	reasons	
why	the	correlation	observed	in	this	investigation	was	weak	in	comparison.	Fonager	
and	colleagues	captured	HuNoV	reads	after	extraction,	when	the	sample	would	be	
less	complex,	and	pooled	their	nucleic	acid	material	directly	after	capture	which	
would	exclude	any	PCR	selection	bias	(Fonager	et	al.	2017).	In	this	study,	PGM-MBs	
were	used	to	capture	HuNoV	in	the	clinical	sample,	but	Nasheri	and	colleagues	did	
not	use	a	capture	method	which	meant	HuNoV	saturation	could	not	occur	if	the	
virus	titre	is	too	high	(Nasheri	et	al.	2017).	
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5.4.2 Partial	Sanger	sequencing	of	the	P2	domain	is	a	valid	tool	to	discern	
separate	HuNoV	outbreaks	
A	pairwise	comparison	between	partial	sequencing	of	the	P2	domain	and	MPS	has	
proved	that	Sanger	method	is	an	equally	valid	tool,	if	not	more	accurate,	to	
distinguish	separate	HuNoV	outbreaks.		
The	efficacy	of	partial	P2	domain	sequencing	in	HuNoV	outbreaks	has	been	
established	across	multiple	environments	in	the	literature.	If	the	definition,	
proposed	by	Xerry	and	colleagues,	of	a	common	source	outbreak	being	100%	
identical	in	the	P2	domain	is	applied	then	58%	of	samples,	by	Sanger	sequencing,	
rather	than	48%,	by	MPS	were	attributed	to	a	common	source	(Xerry	et	al.	2008).	
Other	outbreak	studies	have	proposed	this	criterion	is	too	stringent,	and	could	
misinterpret	prolonged	outbreaks	or	asymptomatic	transmission	(Morillo	et	al.	
2017;	Sukhrie	et	al.	2013).	If	Sanger	or	MPS	was	applied,	samples	from	each	
outbreak	clustered	together	spatio-temporally,	but	limited	depth	in	MPS	data	or	
mismatches	outside	of	the	P2	domain	led	to	phylogenetic	rearrangements	within	
clusters.	It	is	also	possible	the	phylogenetic	rearrangements	observed	during	the	
analysis	of	sequence	data	outside	of	the	P2	domain	(i.e	Outbreak	C	–	Sample	3	and	
4)	could	have	been	caused	by	recombination,	the	presence	of	two	different	HuNoVs	
or	cross-contamination	during	the	library	preparation	stage	(Figures	5.4	–	5.6).	
Barrabeig	and	colleagues	previously	targeted	a	highly-conserved	site	of	a	GII.2	
HuNoV	genome	(region	C)	to	implicate	an	asymptomatic	food	handler	in	a	point	
source	outbreak	(Barrabeig	et	al.	2010).	However,	genomic	regions	that	are	more	
variable	will	provide	greater	sensitivity	in	detecting	genetic	linkage	of	transmission	
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between	individual	hosts.	The	difference	in	sensitivity	between	the	P2	subdomain	
of	HuNoV	and	region	C	was	proved	when	partial	sequences	of	each	site	from	stool	
samples	in	two	immunocompromised	individuals	were	compared	to	environmental	
swabs	(Xerry	et	al.	2010).	Although,	discernment	of	nosocomial	transmission	from	
novel	HuNoV	virus	introductions	has	been	achieved	by	targeting	region	C	in	a	
hospital	outbreak	previously	(Rahamat-Langendoen	et	al.	2013).	
5.4.3 MPS	can	provide	evidence	of	differential	selection	in	the	host	and	increase	
the	resolution	of	transmission	within	an	outbreak	
This	study	has	however	highlighted	the	advantages	of	deep	sequencing,	over	
Sanger	sequencing,	by	providing	complete	resolution	of	the	HuNoV	genome	in	each	
stool	sample,	and	detecting	minority	variants	which	can	further	characterize	
differences	in	virus	populations	of	individual	hosts.	The	advantage	of	MPS	in	HuNoV	
outbreak	control	has	been	described	previously,	where	the	454	(Roche)	instrument	
was	used	to	show	nosocomial	transmission	of	minority	alleles	from	one	
immunosuppressed	patient	to	another,	which	then	became	predominant	in	the	
latter	(Kundu	et	al.	2013).	In	a	similar	manner,	outbreak	F	occurred	in	a	hospital,	
and	a	minor	allele	(At	position	4072)	observed	in	an	individual	was	observed	to	be	
the	dominant	allele	in	a	separate	individual.	However,	without	further	
epidemiological	data	it	can	only	be	speculated	whether	this	was	due	to	a	bottleneck	
transmission	event	or	exposure	to	a	common	source	of	infection	and	differential	
selection	in	each	host.	The	minor	allele	present	in	individual	F3,	provided	further	
support	to	the	MPS	P2	subdomain	sequence	data	that	F1,	F3	and	F4	were	from	the	
same	HuNoV	introduction,	even	though	Sanger	sequencing	had	failed.	It	should	be	
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noted	that	it	is	possible	to	detect	minority	variants	in	chromatograms	generated	by	
Sanger	sequencing	technology,	however,	the	minor	allele	must	be	present	above	a	
greater	threshold	in	contrast	to	deep	sequencing	(Larder	et	al.	1993;	Palmer	et	al.	
2005).	
Outbreak	A	occurred	in	a	restaurant,	and	in	this	suspected	outbreak	by	applying	the	
100%	criteria	on	P2	subdomain	identity	to	the	MPS	or	Sanger	sequence	consensus	
data,	this	would	have	been	considered	as	more	than	one	virus	introduction,	with	
five	identical	strains	constituting	one	outbreak	and	another	discrete	event	with	a	
single	case.	However,	the	ability	to	obtain	greater	coverage	and	the	identification	of	
minority	variants	highlighted	the	presence	of	one	variant	(position	5137)	in	more	
than	one	sample	and	another	variant	present	in	one	other	sample	(position	2011),	
supporting	the	notion	that	all	six	strains	were	linked	and	constituted	the	same	
outbreak.	The	observed	change,	in	individual	A2,	for	which	minority	variants	could	
not	be	detected	due	to	insufficient	coverage	could	be	further	evidence	of	
differential	selection.		
A	retrospective	MPS	investigation	of	a	presumed	GII.Pg/GII.3	recombinant	point	
source	outbreak	in	1972	was	recently	performed	with	the	Ion	torrent	instrument	
(Johnson	et	al.	2017).	Johnson	and	colleagues	described	the	presence	of	significant	
subpopulation	heterogeneity	in	the	GIIPg/GII.3	recombinant	population	across	
several	individuals	at	amino	acid	positions	315	and	1293,	which	was	proposed	to	be	
a	consequence	of	the	same	virus	population	infecting	separate	hosts	(Johnson	et	al.	
2017).	In	this	investigation,	a	heterogeneous	subpopulation	was	present	in	
outbreak	A	across	4/6	individuals	at	position	5137,	which	could	be	due	to	exposure	
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to	a	common	infection	source.	To	a	lesser	extent	there	was	a	heterogeneous	
subpopulation	at	position	4941	in	2/6	individuals.	The	capability	of	HuNoV	P2	
domain	Sanger	sequencing	to	track	virus	transmission	between	individuals	was	
evident	when	a	predominant	mutation,	that	appeared	in	a	chronically	infected	
individual,	was	detected	6-month-old	child	(Sukhrie	et	al.	2010).	However,	P2	
domain	sequencing	would	be	less	sensitive	to	mutations	that	occur	outside	of	the	
hypervariable	region,	which	could	be	more	likely	if	the	virus	is	not	under	selective	
pressure.		
MPS	and	partial	Sanger	sequencing	of	the	P2	domain	offer	two	separate	
methodologies	to	discern	separate	HuNoV	introduction	events	and	different	
outbreaks.	If	sufficient	depth	of	MPS	sequence	data	was	available,	then	agreement	
existed	between	both	techniques	phylogenetically.	However,	from	a	public	health	
perspective,	Sanger	sequencing	would	have	a	higher	rate	of	agreement	toward	the	
respective	outbreak	consensus	sequence	(58%)	at	a	shorter	turnaround	time	and	
reduced	cost,	which	is	often	necessary	to	implement	interventions	and	control	the	
spread	of	illness.	If	MPS	is	applied,	a	narrow	window	of	time	will	exist	at	which	
individuals	have	not	reached	the	convalescent	stages	of	illness	and	the	viral	load	in	
clinical	samples	is	high.	Those	stool	samples	with	the	highest	viral	loads	can	provide	
the	complete	HuNoV	sequence	at	high	accuracy,	and	minority	variants	can	be	
reliably	called,	to	further	strengthen	confidence	in	individual	transmission	events	if	
they	correspond	to	minority	or	dominant	alleles	in	other	infected	individuals.	This	
advantage	has	already	been	demonstrated	in	HCV	infection,	as	Montoya	and	
colleagues	shown	linkages	could	be	made	between	minority	variants	of	NS5	gene	
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that	were	not	detectable	by	Sanger	sequencing	(Montoya	et	al.	2016).	In	this	study,	
four	minority	variants	were	detected	in	four	individual	hosts	that	supported	the	
formation	of	two	additional	clusters	in	comparison	to	Sanger	sequencing	(Montoya	
et	al.	2016).	
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6 Final	discussion	and	conclusions	
	
	
A	highly	reproducible	quantitative	assay	for	human	norovirus	(HuNoV)	in	stool	
samples	has	been	optimized.	The	approach	developed	and	optimized	in	this	thesis	
has	several	clinical	applications:	in	monitoring	progress	of	disease,	establishment	of	
standardized	cut	off	values	from	discrimination	between	symptomatic	and	
asymptomatic	infection,	based	on	viral	RNA	copies	rather	than	assay	Ct	values	
which	is	subject	to	significant	lab	to	lab	variability.	This	work	confirmed	the	
unreliability	of	the	use	of	a	house	keeping	gene	in	sample	standardization	and	
relative	quantification,	but	demonstrated	that	the	expression	of	copy	numbers	in	
relation	to	stool	weight	yielded	highly	reproducible	results	in	repeated	
experiments,	dispelling	concerns	around	the	lack	of	homogenous	distribution	of	the	
virus	in	a	stool	sample.	Furthermore,	the	development	of	an	RNA	standard	
demonstrated	that	currently	widely	used	cDNA	standards	(ISO	Method	for	
norovirus	detection	in	food	and	the	environment)	significantly	and	systematically	
underestimated	the	amount	of	virus	present	in	a	sample.	This	is	an	important	
consideration,	when	viral	load	may	be	used	as	a	proxy	for	determining	the	risk	a	
contaminated	food	item	may	pose	to	consumers,	and	suggests	recalibration	of	such	
standards	and	assumptions	on	viral	load	and	contamination	may	be	necessary.	
Further	work	should	examine	how	effective	this	methodology	is	in	the	
quantification	of	other	genotypes,	for	instance	whether	under	this	methodology	
the	GII	specific	qPCR	is	equally	efficient	and	sensitive	in	amplifying	other	genotypes	
from	the	same	group.	Similarly,	it	may	also	be	interesting	and	useful	to	validate	
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these	findings	by	designing	and	producing	a	genogroup	I	specific	standard	that	can	
be	used	to	quantify	GI	HuNoVs,	which	are	frequently	associated	with	food	borne	
infections.	
This	optimized	HuNoV	quantification	protocol	was	subsequently	applied	for	the	
optimization	of	the	capture/enrichment	and	MPS	sequencing	methods	developed	
and	described	in	this	thesis.	Furthermore,	the	protocol	is	also	being	successfully	
applied	for	monitoring	viral	load	in	a	chronically	infected	patient	undergoing	
experimental	treatment	with	Ribavirin	(this	ongoing	work	is	not	part	of	this	thesis).	
Porcine	gastric	mucin-Magnetic	beads	(PGM-MBs)	were	used	for	the	first	time	to	
capture	HuNoV	from	clinical	samples	prior	to	Massively	Parallel	Sequencing	(MPS)	
as	a	method	for	HuNoV	sequence	enrichment.	Although	the	PGM-MB	capture	
methods	showed	inter-stool	suspension	variability	that	did	not	always	correlate	
with	viral	load,	it	allowed	the	recovery	of	near	complete	genomes	in	most	samples	
even	from	those	collected	post-acute	phase	of	disease,	where	viral	loads	were	low.	
A	tendency	for	mean	coverage	to	decrease	in	the	samples	collected	in	the	
convalescent	phase	was	found,	coupled	with	an	inability	to	use	the	capture	method	
to	efficiently	serve	as	a	virus	concentration	method.	It	is	possible	that	in	these	
samples,	virus	capture	with	PGM	may	be	limited	by	the	presence	of	copro-
antibodies	bound	to	the	virus,	as	subsequently	seen	by	performing	HuNoV	VLP-
specific	EIA.	Therefore,	to	further	improve	the	capture	method	to	allow	virus	
concentration	in	low	viral	load	samples,	further	investigations	should	examine	the	
potential	for	use	of	detergents,	acid	solutions	or	light	sonication	to	dissociate	virus-
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antibody	complexes	prior	to	PGM-MB	capture,	which	would	increase	accessibility	to	
aggregated	or	antibody	(Ab)	neutralized	virus.	
The	developed	capture	method	provided	an	opportunity	to	apply	MPS	to	HuNoV	
virus	populations	of	acute	infections	in	immunocompetent	individuals	across	more	
time	points,	and	over	a	longer	period	than	any	previous	studies	have	described.	A	
pipeline	was	developed	to	call	minority	variants	and	two	separate	methods	were	
applied	to	discriminate	true	positives	from	sequencing	error,	which	led	to	further	
proof	of	the	existence	of	quasispecies	in	acute	infection.	This	is	the	first	study	to	
link	the	presence	of	coproantibodies	to	the	presence	of	minority	variants	or	
dominant	nonsynonymous	mutations	in	the	HuNoV	major	capsid	protein,	and	
further,	map	these	changes	to	the	virus	surface.	Comparisons	made	between	a	
small	subset	of	epochal	VLPs	demonstrated	a	potential	role	for	Original	Antigenic	
Sin	(OAS)	or	Antigenic	Seniority	in	coproantibody	responses	to	HuNoV,	and	the	
presence	of	a	virus,	closely	related	to	the	Sydney	strain,	for	which	the	Ab	response	
present	in	the	acute	phase	appeared	to	be	ineffective.	However,	it	was	noted	that	
an	arbitrary	cut-off	for	minority	variants	is	accurate	but	insensitive,	and	instead	
further	experiments	should	determine	true	minority	variants	through	repeat	
experiments	or	an	RNA	sequencing	internal	control.	Moreover,	if	a	minority	variant	
exists	it	should	exist	at	a	similar	frequency	among	the	replicates,	and	therefore	
further	investigations	should	assess	whether	this	is	true.	Those	mapped	amino	acids	
(AAs)	considered	to	be	of	antigenic	importance	in	this	study	should	be	further	
characterized	by	site	directed	mutagenesis	of	VLPs	to	further	strengthen	these	
observations.	
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This	study	is	the	first	direct	comparison	between	MPS	and	Sanger	sequencing,	and	
how	each	technique	can	influence	how	a	HuNoV	outbreak/transmission	event	is	
interpreted,	with	potential	impact	on	infection	control	and	public	health	actions.	
The	presence	of	minority	variants	strengthened	phylogenetic	relationships	in	
common	source	outbreaks,	when	the	consensus	sequence	would	suggest	
otherwise.	But	given	the	variability	in	MPS	coverage	that	can	occur	and	the	slow	
turn	over	time	in	contrast	to	Sanger	sequencing,	the	latter	can	still	be	considered	a	
more	suitable	or	pragmatic	public	health	tool.	Further	investigations	should	
examine	whether	3rd	generation	sequencing	technologies	(i.e	MinION)	are	more	
reasonable	tools	for	HuNoV	outbreaks,	as	these	also	have	added	benefits	such	as	
lower	cost	and	near-real	time	processing.	
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8.7 Appendix	G	–	New	Orleans	recombinant	baculovirus	time	course	in	
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